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to the constraints of equation (12). A technique is then required by 
which these cutoff frequencies be specified. 
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Detex-mine Projected Gr^aieiit Vector (Equations 23 and 2t) 










Controls include a side stick for pitch and roll and pedals 
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CONTROLLER 

NEUROMUSCULAR 

FREQUENCY 

OPTIMAL 

CONTROL 

FREQUENCY 

CONTROL RATE 
PENALTY (RINV) 

CONTROL FORCE 
STD DEVIATION 

CONTROL 

SURFACE sr: 

DEVIATION 

PITCH STICK 

10.000000 

10.314665 

9.8533666 

.31868657 

.31868657 


OBSERVED QUANTITIES 


OBSERVED 

QUANTITY 



TASK 

PERCEPTUAL 

INLiFFERENCE 

OPTIMAL 
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STANDARD 

UNITS 

VECTOR 

THRESHOLD 

THKLSHOLO 

ALLOCATION 

DEVIATION 


PITCH ANGLE 

DEG 

.lOOOOOOOE-Ol 
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PITCH RATE 

DEG/ SEC 

.lOOnoOOOE-02 
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FT/ SEC 

.lOOOOOOOE-01 
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VERTICAL ACCEL 

IT/SEC**2 

. lOOOOOOOE-02 

. 54000000 

. 54000000 


. 30604225E-01 4 . 7S93264 
. 3060A225E-01 1.9888165 
.36939577 10.666126 
.36939577 26.346301 


FIGURE 3. OPTIMAL PILOT MODEL PERFORMANCE PREDICTIONS FOR 
LONGITUDINAL F-16 BARE AIRFRAME ATTITUDE HOLD TASK (2 of 2) 


CASE DESCRIPTION 


LATERAL DYNAMICS. BARE AIRFRAME. M-.6 
PRECISION CONTROL WITH ROLL STICK AND PEDALS 
LATERAL DYNAMICS 

ALTITUDE - l.OOOOOOE+04 FEET 
N(»11NAL ATRSPEED - 8.616933E+02 FEET/SECOND 
NOMINAL ANGLE OF ATTACK - 1.528500E-K>0 DEGREES 
TURBULENCE CONDITIONS 

SIG U GUST - 5. 000000 E+00 FEET/ SECOND 
SIG V GUST - 5.000000E+00 FEET/SECOND 
SIC W GUST - 5.000000E+00 FEET/ SECOND 


AIRFRAME EIGENVALUES 
<0.)+J<0.) 
(-2.5341997)+J(0) 
(-.18760868E-01)-»'J<0) 
(~.25919919HJ (3. 6290849) 
(- . 2 59199 19 >+ J <- 3 . 6290849 ) 


PILOT MODEL PARAMETERS 

TOTAL ATTENTION ALLOCATION TO PRIMARY FLIGHT TASK (ATTN) - .400000E*K)0 

PURE TIME DELAY (TAU) - .200000E+00 SECONDS 

MOTOR NOISE TO SIGNAL RATIO (FM) - 3.000000E-03 

MEASUREMENT NOISE TO SIGNAL RATIO (PY) I . OOOOOOE-02 

TOTAL COST (COST) - 1.802367E-01 


FIGURE 4. OPTIMAL PILOT MODEL PERFORMANCE PREDICTIONS FOR LATERAL 
F-16 BARE AIRFRAME ATTITUDE HOLD TASK (1 of 2) 
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oo cj.rcumvcnted by approxinating the human’s delay via a Pade 
approximation^. The delay is then considered part of the system 
dynamics (except for computation uf human describing functions) ; 
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Figure 2. Effects of Deviate Internal Model and High 
Operator Noise on K/s Regulation 
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dependent variable was again the CItl. Under dual-task conditions 
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Figure 6. Anplitude ratio function early and late In practice* 


BioMdlcal Coiqtutcc Program. University of Cellf. at Los Angeles. January. 
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off In the filtering char«sctcristics of Y , If necessary. 



regarding the general adaptive characteristics of the parameterized duaVloop No formal numerical algorithm was utilized In Identifying the dual-loop 
model are offered: Hypothesis I -The parameters K^, and act In consort model parameters for the five experimental tasks. Instead, small and large 
with the internal model of the manipulator/controlled element dynamics to bandwidth approximations to the last equation In Table 1 w*re derived and a 
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the measured error remnant spectra for those experiments for which error injected ^ -.u , 

wnere 1 $ the root-mean-square value of the displayed error signal and 

remnant data were reported (all but the fourth task above). 
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Table 3. Predicted Attention Allocation 
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CONTROLLER 

NEURONiISCULAR 

FREQUENCY 

CONTROL 

FREQUCNCY 

CONTROL RATE 
PENALTY (RINV) 

CONTROL FORCE 
STD DEVIATION 

CONTROL SURFACE 
STD DEVUTION 

PITCH STICK 
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10.317267 

9.9196769 

.2145^517 

.21455517 




OBSERVED QUANTITIES 
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PERCEPTUAL 

INDIFFERCNCE 

ATTENTION 
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QUANTirr 

UHITS 
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THRESHOLD 
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ALLOCATION 

DEVIATION 

PITCH ANGU 

DBG 
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.19969588 

3.5283864 

PITCH RATE 

DEC/ SEC 
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1.4511777 

VERTICAL VELOCITY 

FT/ SBC 
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7.1923670 

VERTICAL ACCEL 

FT/SEC**2 

. 10000000E»02 
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21.733312 


Plgurt 4. OptiMi Pilot Hodcl Ptrfominct Predict ion* for 
Hulti-Axi* r-16 Bert AirfrMM Attitude Hold Teak (2 of 4) 
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CASE DESCRIPTION 


BARE AIRFRAME DYNAMICS, M • .8 

6-DOF PRECISION ATllTDDE HOLD TASK UITN PITCH STICK, ROLL STICK AND PEDALS 
UTERAL DYNAMICS 


ALTITUDE - 1.000000E'K)4 FEET 
NOMINAL AIRSPEED • S.6169Sn'K>2 FEn/SECOND 
NOMINAL ANCLE OF ATTACK • l.S28500E<HW DECRiCES 
TURBULENCE CONDITIONS 

SIC U GUST • S.OOOOOOETOO FEET/SECOND 
SIC V GUST • S.OOOOOOE^ FEH/SECOND 
SIC W GUST • 5.000000EKK) FEH/SECOND 


AIRFRAME EIGENVALUES 
(O.HJCO.) 

(-2.5341997)TJ(0.) 
(-.U76C88E-01)+J(3. 0290849) 
(*.2S919919)^)(-3. 6290649) 


ORIGINAL PAGE IS 

OF Poor? QUALOV 


PILOT MODEL PARAMETERS 

TOTAL ATTEirriON ALLOCATION TO PR W ARY FLIGHT TASK <ATTN) • .l03t02E«K)0 

PUU TIME DEUY (TAU) * .200000E400 SECONDS 

MOTOR NOISE TO SIGNAL RATIO (PH) • 3.DOOOOOE-03 

MEASUREMENT WISE TO SIGNAL RATIO (PY) *• 1.000000E^2 

TOTAL COST (COST) • 3.528117E-01 

SCANNING COST (SCOST) • 1.29083SE-01 


Figure 4. OptlMl Pilot Mode) PerforiMnce Predict iona for 
MultUAaia F-16 Bare Airfra«e Attitude Hold Taak (3 of 4) 
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means random or regular; the pilot is quite discriminating about when he will abandon 



ERROR RATE INFORMATION IN ATTENTION ALLOCATION PILOT MODELS 
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Figure 1. Command Tracking Signal Generation 
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Figure 2. Configurations Simulated for Command Tracking Task 
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Configuration 


Model with Error Rate Terma 


Model without Error Rate Terms 
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Figure 5. Pilot Model Data for Command Tracking Task 


Configuration 


Model with Error Rate Terms 

_ „ _ ^ Mean Dwell 

Dwell Fractions , 


Mean Dwell Times 
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Model without Error Raf-^ Terms 
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Figure 6. Daell Fraction and Mean Dwell Time Data 
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zero with a standard deviation of one. However, this did nothing to standardize the 

r Figure 8. Agreement of Model and Flight 

frequency content of the command tracking signals, ending to the short length of each Simulation Tracking Scores 

run, the s|»ctral content of the command sequences varied widely from run to run. 




This is illustrated by Figure 9, which presents time histories of two command Comparison of the flight and pilot model simulations demonstrated the complete 

tracking sequences fr<Mn the simulation; each sequence represents tiurty seconds of model’s ability to predict the pilot's tracking statistiC'S, Just as it demonstrated that 

real time. It Is likely that this contributed to the variability in boU. pilot and model the Incomplete model was incapable of such performance. Analysis using the pilot 
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various proposals and suggestions of specific integral 
literature, e.g., [6-8] . The ones that irere examined 



Integral neasures of yaw angle and steering wheel angle show thm aost 

(9) Integral of inverse squared time multiplied by absolute error dlscrialnation across conf Iguratlons. Application of Duncan*! Mow 

(iiSTAE) Multiple Range Test to the data revealed the following: 
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frequency, although the latter just nlssed being significant at the p * 0.10 
level. Duncan* s Kew Multiple Range Test again shoved that a value of 



e 


Ilf 

Is 

iuu 

gs-ll 


k U M 


S'S|< 

• ft ** 


O ^ A 

C fM * 

n 'H « 

o w- o» 


^ >v ii +i 
oat) u 
^ *i a 

C i> -*4 

ils^s 

■s j'S • g 

<u a c b 

« » « 4 « 

tils 

a ft « <M « 

^Xx 

g " £ 

•g <M o o 
*i 2 ^ a 

c « ^ ^ 6* 


OB • a ft «4 

4 c « S 

-H +i a 

i« o « W) 4 ^ 

O > JC O 4 

ft 4 -U <M C 


-»4 -.4 C 

»4 »4 44 -H 
O O 4 <M 
■P « »-• 

u 0 ) a p 

4 « U 4 

|S«2 

Z O ft 

iiSfiS 

4 : . a 

« ft P »4 

> 4 tt O 


!i|| 

|.! -Ifs? 
sMlijSI 
!!S:‘l3s 

ft044C_4P 

.£“ 3^585 

S ft *8 p § a 

O -ft ■ c p fl o 
c- ftaaoC*H 

2 « 4 & 4 o P 

p ft _ tJ ft ft 4 
4 0 ( O ft O 

«M«IVOft««fft 


ft P 4 P 

S' o o c 


ft 4 4 
P ^ P 4 

O 18 C ft 


P ft P 4 

tt « 4 

%< 3 ft 

® 2 r^p: 
55111. 


•O t> 4 4 C 

0 4 > • 4 > ft 

4 : ft tt P tt 

p ft X *0 a c a . 

4 ft o a c a 

1 ft 4 c ft ft 4 

4 4 o B ^ « 

4 4 14 4 

£ 4 4 : tt 4 P U 

P ft p £4 


|2§2 

P 4 ft 4 


O ^ 4 4 C 4 

>ft op<oa5p 

^ilSol-g^ft 

c ft a.Mftjr*ftg 

ftUP04rM<0a 


l|i?l|P!! 

SjhItI I 


!lll<f||I} 

'r>ftii2&ft PO* 

•8 S ^ 8 5 S .2 5 “* 5 
c 554 gS«^ .1 

®it*35ass§i 

>,ft 03 ft 44 ft 
ftttttttttftfifip'O 
4^41 O 4 C 

ftOkftftttttttXNtt 
ri c 3 ft£ftft Oft 
PftttaP-oftacx; 
C> 4 .M 8 ( 04 P 

4 ft4 oo«ft Ji m 

ftiftpctt Oft 

1 ^ 4 ^ 4 l>, 4 l 4 

tt ^ £ 2 ** I ::: 2 -s 

ft 444 CttttiSp 
OP> 004 >i ft 
>.e 4 apft 44 cft 
•gifttt Pft Oft 
asttatsft 4 4 

pftftttC'OttZt; 
ttoftsat) c*o 

iftO 04 Cft 4 C 
Pft 04 .ft 4 ft 4 
CO P C£fttr« 
4 ft 04 4 ftP»C 4 
tt p ft ft ft ft 

Oft 0 «ft «UMP 
ftOOOl 04444 
ftftiift«ftCfti:ft 
p *a 4 POPPft 
OCtJ ftCftft «4 

58'3138^S'"i 

ft 4 agpoftttft 
iZ c V 4 0 ts ft 
^00 ft ft o* *5 
ftftftW 4 U 4 C >«4 

S ptt 0 .ftttftfttt 4 
O C C 0 *ft O ft 4 ft 
4 Oft 4 *0 ft *0 O 
OftPPP JZ G 4 
JftK 4 Cft 440>4 
f«'a 4 ftftC>£P 4 


U«M . P » ft 4 

[ O T3 ft JS 

S 3 tt ft P 
tt P 4 

( ft P 4 O ft C ^ 

14 ft 4 4 '■ < 

a, 4 -r-. C 4 ' 

I £ * P 0 P 

i 4 p ft a O' c 

t JZ 4 W ft 

I P P > 0 4 

.ft 0 X s 

: c o > • p 

> o on 0 

• *c P P c P « 
t ft 4 u 4 

► 00 » 4 JC tt ' 

; ft ft c ft p 4 


O C ft X 

4 tt 4 P > • 
>• 4 5 J 5 O ft 

ft ^ a p <0 

O X tt ' 

4 -t O 0 tt tt ' 

4 > c o 4 4 


ft » *0 H 
U P 4 H 4 
ft o o c 
.ft 4 a p 

, P -ft T 3 0 


*0 C P 0 
•H 4 4 tt 

a ft ^ c tt c 

4 O '> O C O 

ft ft Oft 

^ a tt ft p 
W 4 O 4 P O 

tt > P tt u 0 


4 ji( tt cn o > 
4 C ft 4 
« P 4 H .ft P 
4 >, ft 4 

U tt ft U P 

§ S ° 5 &» 


ft H ft *0 
P CP 

ft > o u o 

4 O ft C P 
•a p ft 

4 a o 4 

X p 4 0 > 

1 p ft ft ft ft 
c ft .M P 
4 O' O ft H 
O 4 O O tt 
C E 4 C 
ft 4 a 0 

U) C p tt tt 
•H 4 

ft 4 4 
• *0 ft ft 

gi: I g g 


p ft P 
•H — 4 w 

tt C X 4 

S,g " 

4 4 4 


; p > p 4 4 6 
} tt ft O t) > 

ft ft 3 ft ft 0 
I *0 *0 tj > O' P 


ft %4 « ^ 

4 ft 4 
4 *0 > C 

a 4 O 
JZ 4 P ft 
4 p ft ft P 

ft 3 P 4 
tt ^ tt tt c 
P 4 ft ft 

3.8 I «g 

a 4 M w 8 


4 C P ft ft ■ 

r-i 4 4 P 4 

O w X « > . 

-H « p ft H 

JC C 3ft 

4 IC 4J ao T) 

> ft O ft 

» P 4 ft £ 

ft IM C u 
4 O' 04 


n B • ft 

a 0 « ft 

o o c ft 4 

H o ft H . 

ft ft ft ft ft 

4 o p p 


ft p tt 4 ft 

3 O C P C I 

tt 4 O 4 O 

4 ft 0. e 

4 ft M ft O' 

£ 4 4 E C 


ft 01 ( 

> M 4 < 

i^S S , 

( U) ft 4 J 
» ft C 'Z * 
; 0 4*. 

! ft ft 

« O P ' J 
ft ft - >, 
n tt ft ? 
J M 0 4 4 I 
< 4 0> ft > I 
1 ft a «r 1 
4 0 4 tt P I 
} o C 4 ft I 

! "3 I3i 


- w VJ 

i 4 ft 4S 4 j 

i 0 P ft •' 

J p Ip p 

3 .C *ft 

3 tt 4 P ft I 

: 5 « ft ft 

3 0 0 » p 

.) j;: jc i3 

B tt p tt a 

P 4 j 

3 iT. C tt U 

J 4 4 

; . jS p c 

* O' P O • 

ft ft iH 

[) a O' 4 P 

I * 3 .£ 2 

J ft P P H 

•ft 4 « e 

J £ C ft ft 

> '5 ft p ft . 


ft ft ft ft 
P /3 4 £ 

« F* P • 

ft x: > 


tt 4 ft 
4 C .C 4 
ft 5 P > 


4 X ft 4 
4 0 o P 
e a ft 4 
S o . 
c *■ -ft 
4 ft — . tJ 

> 4 P C 


4 4 tt O 
ft ft ft C 
O' tt 4 4 

5 S lU 

• c ft a R 


OP P 

4 ft • 

ft a 4 ft 
4 « j o 
jz n a 

U ft ft 

•P o 
44 o 

« > 4 

c ft • a 


I X p a 8 ^ p 4 

§ ?^ ® - c s • 
“553 

o p fi p p :► p. 
ft o -a 4 ft c 

a<ftp 4 MPft 
a p 4 aoft u 
p o .4 a 4 ft 

ft »4Pa4*ft4 
00 ft O. ft OOX 4 
4 4 4 ft a X 


4 > tt C 00 
• > *0 4 6 

00 4 4 ft 4 ft 


' 04 &aPp 44 

t 4 QO B 4 4 X P 

• q C 4 ft 4 P « 

ft 4 a U B Ifl sC 

E X C C C 

O 9 4 C ft ex' 4 

4 4 a a 4 * 4 

P 4 >> 0 'ttCO 4 
4 C 4 4 0 P 

•nttftftftftftO 


X 4 4 tt 
4 P ft 4 
^ ft 00 ft 
O 4 

4 a p 4 

X 4 q X 

p ft ft p 

q >. 4 ft 
ft ft X 4 
tt p X 

tt a 00 
4 O ft ft 
OOft o X 
c > .M 
44 4 

X ft P X 
u a ft P 
o 

Ip X a p 
o p a 4 
ft a X 

n > w P 
p 

u p a a 
4 q 4 q 
0-1 4 a 3 
ft 6 a o 


4X04- ft S 
ftO0aft44ftft 
ft B O X 4 p 
4 X ft ft q P O 
> 4 4 o a 

ft 4 4 ft X O q 

P X ft P C 4 

u eo p a *3 o 
4 q ft c P ft ft 
•nft a tt 4 ft p 4 

■oBpX 0 fiS.ft I 

ttoqpq444 

ft a ft ft ft P c 

q ft o > a ft § 

4 4 U 8 tt O i 

4 a « tt 4 p u 


4 ft • — ' 
X 00 4 ft < 
p 4 a J 
ft I 

q a > p 
o 0 o a ( 

O ft ft < 

g^ooaj. 

q q p w I 




«i x: w 

M > O i* 


• rH g* ® -H 

« e o 
«« i3 " 
tP X! -o 
® U !fl O • 


•S Si 2 

. «J J5 « fa 
C U ® 
0 « 

(ft .H ® c c 
•H 9< (A *H o 
»4 C C «H 
9 (Q O 4 W 
g. CU fa <H 
R > m _ » 


-H 4> x: & 
fa o « 
c m fa V 
•" o 
o c o 
» fa £ 
1 ^ 


«fa ® 0 — ' 

^ -t -H 

^ A u ^ 

: 91 « ® 

fa fa fa 


•H fa « 0 
•O -fa ♦ o 
•o >« o 

fa C fa ^ 9 
« O ^ fa JQ 
9 U « 

§S§ 

•o ^ c u 
cm fa 

•fa O fa ® fa 
> (ft O 01 o 
t fa 9 

a-H 10 a !? 


» ® fa (ft *Q 4! 

x; « « x; 

I fa *9 « fa fa 


D* « » 

£ “-i 

1 fa 

'T3 <8 ® 
I «M C fa rfa 

i ® ^ g'-S 

I « fa fa -fa 

U 4> C fa 

i C > -H f* 


• fa ® rq 
« fa X ® 

® 5 H -fa 

§ ^ 

O « • 9 

>,55 2' 

C <0 «fa 
9 C fa «M 
0 C ^ 
0> .fa TJ 
CCS 

fa e B ® 

4 fa .fa 9t 
fa fa <Q ® 

fa <0 c x: 

■ A a 10 fa < 


■”-0 « 5?§ 

fa ® 9 ® ’O 

9 fa O C C 

a <0 .fa 3 <0 

c o > fa 

•fa -fa x> « 


§ *0 -fa c 

fa 9 

p >1 c 9 n 

3 ® fa - j8 

fa tp fa n u 

0 ) »4 .fa c 

•fa O tft o c 

*0 'fa 0 *fa 0 

& fa fa 

a « -fa fa 

® X « t3 o 

fa ecu 

(ft e <0 0 M 


B c -r. ^ Tf 

fa 0 *fa c 

(A 1-1 a 3 IQ 

fa U «M 
0 « fa u 

fa ^ (Eft W« u 

3 Ufa 

>. 0 > u '5 c 


O $ 

I >, 0 

I *fa » C C O' 

> *0 -fa .fa * 

kss&g 

I M fa U .fa 

E O > JS 

> M ifa u .fa « 

« «-4 fa .H 

> U 10 u 3 
E U »fa U U O' 

i §5 ?55 

i >fa fa .fa ^ fa 

> .fa ^ tt » 
fa 3 3 .fa 

» *M A A tj 

> U fa 

) w >, 0 -fa 

■^ fa fa 5 0 

) M fa «M 

I O <0 U TJ 
i 3 H U *5 

fa O* 3 c 0 

') A U <0 -fa £ 

: O' u xj fa 
i -fa u o g ® 

.‘*"88* 
iiS “•,'2 

) V 3 <0 C > 

; o .fa « o 

3 fa £ A fa 

4 u (ft fa •^9* 

5 7 ® 

10 (M fa .fa 
B .fa fa 0 <0 
Ufa » C 

: u c fa lO 

IE 0 fa 0 0 
ft fa fa .fa «M O 
) fa to fa fa 

; u o c £ _ 
j c u ^ ■e ( 

IC fa fa .fa fl ( 
: fa <0 K 10 u r 
5 fa u fa fa I 
4 fa O' fa < 
i> u u u m >« ^ 
j fa fa £ fa ] 
1) C C P >.fa 1 

4 u fa 3 , 

4 0 U 'fa I 

Z U . > u 
td A fa -fa A •' 

■1 fa . U U fa ' 

•fa U C fa fa ^ 


A O fa ' 
O <Si >%A <0 
fa « fa « tJ 


86 


D. T. McRuer and R. H. Klein, Automobile Controllability — Driver^ 
Vehicle Response for Steering Control , Volume 1, Summary Report, 
Systems Technology, Inc., Contract No. DOT~HS~ 359- 3-762, February 
1975. 


iMufy^Ur.* ^ ^,^y^y,x'S: T *'V'^ -■'* > •"' '"‘^' ‘r 



*ISTJ ^»*5 *»iC»pj»H 

Su^tn uo^3<iam68« aour^avA jo Xiyaua9o(uoq aq) Suj^^wa 90u aaiqB-fivA aaoq) JOj 

Bopaajj JO taajSap aq) 03 paj'[dda aeA [qx] uoxjoaAJo? jaaax^O-^Bnoquaaao dqx 


T 0‘0 « ««« 'SO'O » «« *t *0 «•« i\ 9 A 9 q aouBOXjxu^xs 



XSVl NOUVlAdaV ISQD (MIA dSXS 3 HX NX lOOHSmO 

Hoixisod amn )wa 4 H 04 x)tvwins aoNviWA 40 sxsxtvnv - z aiavi 








88 

TAiU 3 • ANALYSIS 08 VAtlASCK SlMIAIf fOt X8T88 CEIT81U0N POt THl STBF 
Utm GUST UM3UUT10II TASK 


iouroe of 

Oegreee of Freedom 

Lateral Feeitioa Inor 

Yav Angle trcor 

tteerinf Mieel Angle 

Variatloe 

1 

1 

oorreoted^ 

•urn of 

Squarea 

Naan 

Square 

r*tatio 

Sem of 
Squaree 

Square 

P> Ratio 

»m of 
Squaree 

Mean 

Square 

r-Aatlo 

Metural 

Proqueficy 

(-») 

3 

1 

1.04x10* 

0.147x10* 

4.7* 

4.02x10* 

2.01x10* 

10. 53** 

S.SlxlO** 

2.84x10^® 

15.9*** 

Error 

21 

7 

1.54x10* 

0.074X10* 


4.0ixi<;* 

0.191x10* 


3.75x10*® 

0.178x10^® 


OMpiliq 

Ratio 

(O 

* 

1 

8,75x10* 

4.40x10* 

0.5«8 

2.37x10* 

1.18X10* 

1.54 

5.45x10*® 

2.72xl0>® 

4.78* 

Error 

! 

14 

7 

10.9X10^ I 

I 

0.78x10^ 


10.6x10* 

0.74x10* 

! 

f 

7.97x10*® 

0.569x10^® 


i 

Lead Tine i 
Conetant 

2 

1 1 

i 

1 7.01x10* 

• 3.5x10* 

6.93** 

6.82x10* 

4.41X10* , 

9.44** 

4.14x10^^ 

2.07x10^^ 

14.45*** 

♦ 

error | 

I 

1 

14 

i ' 

1 ! 

1 

1 ’ 

i 

7.03x10* 

1 

1 0.51x10* 


4.40x10* 

0.457x10* 

i 

2.00x10*^ 

0.143x10^^ 



Si 9 niCic«ic« iralt * - 0.10* ** - O.OS, *** - O.OI 


Tlie Gre«idiouM-G<isMT cometlon [16] wms applied to the degrees of freedom 
for those verlebles not ■eetlng the honogenelty of verlence essuaption using 
Hartley's test [15). 


TABLE 4 • ANALYSIS OF VARIANCE SUMMARY FOR THE INTEGRAL OF SQUARED ERROR PERFORMANCE 
CRITERION FOR THE ARTIFICIALLY INDUCED LANE POSITION ERROR TASK 


Source of 

Degrees of Freedom 

Lateral Position 

Yaw Angle 

Steering Wheel 

Anqle 

Variation 

Uncorrected 

Corrected*^ 

Sum of 
Squaraa 

Mean 

Square 

F-Ratio 

Sum of 
Squares 

Mean 

Square 

F-Retio 

Sum of 
Squares 

Mean 

Square 

F-Ratio 

Natural 

Frequency 

<«n) 

3 f 

1 

663.6 

221.2 

0.641 

14.8 

4.94 

0.940 

1.30x10® 

4.35x10® 

3.50 

Error 

21 

7 

5525. 0 

263.1 


110.5 

5.26 


2.61x10® 

1.24x10® 


Demping 

Ratio 

iV 

2 

1 

633*5 

316.7 

1.616 

65.7 

32.9 

4.67* 

6.92x10® 

3.46x10® 

7.16** 

Error 

14 

7 

2740.0 

19S.6 


98.5 

7.04 


6.76x10® 

4.83x10® 


Load Tima 
Constant 

(Tf) 

2 

1 

2140.0 

1070.0 

3.46 

43.0 

21. S 

7.60** 

1.74x10® 

6.69x10® 

15. 61*** 

Error 

14 

7 

4333.0 

309.0 


39.6 

2.83 


7.80x10® 

5.57xl0‘' 



Significance Uvel* • • 0.10, •• • 0.05, • 0.01 

^ The Craenhouse-Calesar oorraction [16] vas applied to the degrees freedon 

for those variables not vesting the homogeneity of variance aesuaption using 
Hartley's test [IS]* 























r 



Utl 

111- 

u 9 ^ 

«• >« U K 
M 

- iS |8 

« " 85 « 

•4 Q <M 

^•a’Sss • 

<lu*i 

■n*;« 

>« e « « H « 
a <H iH ^ o « 
« «j a M «M X 






% 


< 

a 


(u 

S2 


I 


o 

«M -H 

® 5 
S-S 

a-“ 

S c 



X M -H • „ 
a 0) IM 1*4 

^ o > 

H <U >» « 'H 
14 X 5 I« u 

9 ^ 


I 


9 

S. 


9 

O 

►k 


9 t 

2 ?. j 
5 » fil' 

4 J 
>v Ct 


*3 « 

O 


s 

*r 4 «M 
44 14 • J 

•H *o g . 

2 b 5 

•'^Si 

« « «H 

•“Si; 

•H <H 'tJ . 

•H > 

•»4 * « < 

J. 

tt O X 
u w w 

& V V< 

e w o 

•HO' 

•H 

U O P. 

S >S- 

l-s 

U <M V 
0 ) U 
a 00 H 
M 9 O 
« 14 O 


"1 


SSSS ,3 


s " 

M P 
41 ® 

S3 

O 9 

£ S 


“ § 
85 

U 9 

n 


w w 

SS: 


isl 

Jill 


, s 

I O -TS 


« 

I 


-8 S 
5 c 


I 

U 

o 

& 

4) 

$ 


» 

I 

§• 




§5 

“ f 

4J 9 

S5 

•H W 


a >. 

44 U 

« s 


«H *J 

?• 


Ib 

** o 

»s 

Sk *H 

g“* 

Si o 

|4 44 


44 X 
O *4 


X O 

eo 

1 % 
•H 
fH *4 

:« 
g iH 
•H «H 
4-» P 

Q 

> « 


89 




TIME. MINUTES 

FIG. 1 SCHEDULE OF EVENTS 


ORIGINAL PAGE IS 

OF PCrZ rifALITY 



CONDITION 12 CONDITION fl CONDITION 14 

^ • 0. • 14. 0 ^-0.8, 0.8,0)^ • 1.75 


I 


FIG. 2 TIME TRACES FOR THE ARTIFICIALLY INDUCED LANE POSITION 
ERROR TASK WITH DIFFERENT LEVELS OF NATURAL FREQUENCY 









X6 


■ I 


1 I. 


] 


STEERING* 

WHEa cw- 
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( • ! I • 

CQNOITION II 



. ! : • I 

CONDITION 14 


FIG. 3 TIME TRACES FOR STEP WIND GUST REGUIATI(»I FOR 
DIFFERENT LEVaS OF NATURAL FREQUENCY 



A, 


FIG. 4 GEOMETRIC INTERPRETATION OF INTEGRAL OF TIME MULTIPLIED 
BY ABSOLUTE ERROR UTAEI CRITERION [7] 
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FIG. $ COMPARISON OF PERFORMANCE CRITERIA AS A FUNCTION 
Of NATURAL FREQUENCY. WITH LATERAL POSITION AS THE 
ERROR 



FIG. 6 COMPARISON OF PERFORMANCE CRITERIA AS A FUNCTION 
OF NATURAL FREQUENCY, WITH YAW ANGLE AS THE ERROR 


FIG. 8a EFFECT OF NATURAL FREQUENCY ON STEP GUST PERFI 
WITH LATERAL POSITION AS THE ERROR 


RAD/ SEC 


FIG. 7 COMPARISON OF PERFORMANCE CRITERIA AS A FUNCTION 
OF NATURAL FREQUENCY, WITH STEERING WHEEL ANGLE 
AS THE ERROR 


ISTSE (M^-SEC^ 
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RESPONSE TIME / EFFECTIVE DAMPING RATIO (SEC) 

FIG. 11 PERFORMANCE DURING STEP GUST REGULATION TASK. 

WITH RESPONSE TIME DIVIDED BY EFFECTIVE DAMPING 
AS THE INDEPENDENT VARIABLE 
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Figure 2. Schetnatic of experisent 
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Figure 6* Uelatlve variability within runa. 
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PERFORMANCI INDEX 
J, J/IO 



FIO. t 


ALLOCATION Of ATTENTION VERSUS PERfORNANCE-THEORETiCAL 
AND MEASURED RESULTS. (DERIVED FROM REF. 7) 




COMPETED 

SUBJECTIVE RATING 



EFFORT 

.. 

AVERAGE 

EFFORT 

DEMAND 


HOVEB 

17.0 

5.3 

5.0 

5.5 

A 

NAV-L 

15.9 

1*.9 

1*.5 

5.U 


NAV-H 

15.9 

h.e 


14.8 


HOVEB 

i6.5 

T.5 

7.5 

7.14 

B 

KAV-L 

15.1 

6.U 

6. 1* 

6.14 


NAV-H 

lU.9 

6.1 

6.7 

6.7 

Average of 

KAV-L 

15.0 

5.3 

5.2 

5.5 

k subjects 

NAV-H 

15.1 

5.»< 

5.2 

5.7 


Table 8; Compariion of control effort model results and subjective ratings 
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prloceptlve ’’signal strength” increases at the expense of visual 
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gain and effective tine-delay. The open loop gain was set at a constant while allowing perfomance on the tracking and detection taeks to fluctuate 

value for all subjects, and the tiae delay value was adjusted for each in response to covert changes In available attentlonal resources. In 

subject to obtain an error laeasure In the AU condition equivalent to the this Manner, workload denands were experij&entaxly Manipulated, rather than 

operator's perfonaance in the MA condition. This value of tine delay was being passively assessed, 

maintained throughout the rest of the experiment. Each trial, HA or 
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Figure 4. Enseoble averages of tracking signals following failure occurrence. 
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Miller, D. C., and Elklnd, J. J. The adaptive response of the human controller 
to suddei changes In controlled process dynamics. IEEE Transactions 
Human Factors in Electronics , HFE, 1967, ^ (3), 218-223. 
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sation block lends itself to linear analysis, describing function and Ofstimal control ®>* the method cf digital simulation, the exact functional criterion, by which 

approaches to pUot modeling have been mainly confined to this araa. The other func- * decides his control, can be direcUy computed without the gross disiortioiis of 

tions have been traditionaUy relegated to a lumped method of degrading the model linearization. The development of the form of these urgency criteria has now advanced 




TARGET TRACKING WITH VISUAL DELAYS AND SIDE TASK 
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These pilot model assumptions can then be implemented by programming a time 
domain digital simulation of the pilot compensations for each task along with the urgency 
functions and their associated decision logic* Figure 2 shows a diagram of the complete 
simulation model. 


Consider the vertical task first. Here the trackinc control is esseotiaUy to point 
the aircraft, so that this Idiot closure is a single loop pitch tracking task. Now if <. 

K, and T, denote tracking error, pilot model gain, and pilot model lead. WJft the 
subscrlpto V and H denoting the vertical and horizontal tasks, the fixed form compen- 
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Table 1. Target Tracking Pilot Model Data 
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Queijo, M, J. , and Riley* D, R. , Fixed>Base Simulator Study of the Effect 

electrode tapping side task appears to be justified. 

of Time Delays in Visual Cues on Pilot Tracking Performance * NASA TN D-8001 , 

October 1975. 
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dic-n^l rhythws. 3.4 THE ALCOHOL ADH I MI STRATI OK 

Th« aivision of the day is given in Fig. U and shows that four task second day of experiments the subject was given a drink with alcohol 

neasurenents were made each day. resulting in blood alcohol concentrations as given in Fig. 5. 
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tiwf series In lijuic It is that Uv« ^'Crosshair Fixator” tas an ey« 
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The experiments providing rhe doto for this investigation were carried out in The analogue computer representation of the vehicle dymmics used for this 

the driving simulator of the Forschungsinstitut fuer Anthropotechnik (FAT) in investigation approximately simulated on automobile. The iaferol tfynamics 












ORIGWAI 
Of per: 


*he exp«rtmenti rh« itmuloted road woi fr^ of dtHe< traffic. 





The data anolysis and model identification described in the following chopters Xhe steering wheel reoctior 'torts ot o certain time interval, called 

is based on do*o from six subjects measured djring experimental runs of three "onticipotion time" prior to the step chonge of rood curvoture ond tnen 

laps on the test coursi^ of figure 3. shows a logging tror^sient with o small overshoot (Figure 5,b). The success 

of this reaction is most cleoriy demonstroted in the groph of lateral deviation 

3. Proo^ of the Driver *s Anticipatory Steering Reoction (Figure 5.e) : the change In loterol deviation coused b>' the step change of 
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It has been proved that this simple approach provides the capability of components ore shown. The model remnont in figure 7.g turns out to be 

stobilizir^ the outer loop, i.e., the lateral deviation loop, of the compensatory brood band stx>chastic signal, 

control p'-ocess which then shows the features of the crossover model of the 
human controller "11- . 
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ships are indicated by the linear approximations of the dotted regression lines. signlficont dependencies with respect to vehicle speed (Figure 8.b). The 

moders time delay decreases as vehicle speed increase*. This relotionship is 
reosonobie, becouse the driver has spore time while driving ot low speeds os 
opposed to higher speeds when he is forced to react foster. This odqplotion in 
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unstable, which nicans that it starts turning to either starboard or port 
when the rudder is kept an*idships. To siisulate the steering gear, a first 
order differential equation has b4»en used, where the rudder angular velocity 
is limited. In this way the follovrin^ equations are obtained: 


♦ ift) » *5 U • (0 instance, in a closed loop, the htiaian operator describing function 

' ' ' d' ' • denoted by H(v) can be detercined by the folloving wcll-knov'-x lation: 
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Table 3 : Results of the parasieter optimization vith the three 
parameter model (Eq. 6). 
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control model, among others, Jiave been analyzed previously (Ref. 9 )» For an 
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of the drivcr/vehicle describing ftmction in order to solve fbr te and a. At 
gain crossover frequency the phase angle is equal to it less the phase aiargin 




and the phase crossover is defined as the frequency at which the phase 
angle is equal to ir. Therefore, and a can be coraputed from the equation: 
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mation. In this case driver lead is used to offset the vehicle lag 
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Flgux« 1U. lane Dispersions as a Function of Speed and 
Configuration Visibility Baraneter 
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events. Based on this rate, incorrect actions are 
simulated. For the monitoring task discussed here, the 
penalty for an Incorrect action is an increase in waltinE 
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times for individual subsystems are close* However, when 
the control task is present, a close match is obtained only 
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Tablt 1. ExperintnUl deaifti 


S«sai(»i Kuxfcar 


I 


No 

control 

task 

Control Task 

Control 

Task 

Control 

Task 

Control 

Task 

i 1 

Subject 




Simple Complex 
Nap Hap 

Simple Complex 
Kap Nap 

Simple Complex 
Hap Hap 

Simple Complex 
*'«ap Mjip 


1 

30* 

' 60 

90 


30 

30 

60 

60 

90 

90 

S' 

2 

30 

90 

60 


30 

30 

90 

90 

60 

60 


i 

i 

60 

30 

90 

Mo 

60 

60 

30 

30 

90 

9C 


i 

60 

90 

30 

Nonitortnp 

60 

60 

90 

90 

30 

30 

* 

1 

90 

30 

60 


90 

90 

30 

30 

60 

60 


1 ^ 

90 

60 

30 


90 

90 

60 

60 

30 

30 


Table entries are reean aubsystes event Interarrlval tires (sec*) 


Table 2. Subsysten* event service performance (ecpirieal) 

Subsvster! event arrival rate (events/sec } 
0.0t667 


0.0^333 


No. 

K 



Tw 


N 

^5 

V.o f*ap 


V 

T 

'5 




1 

13 

5.55 

0.81 

12.97 

3.06 

82 

5.57 

1.32 

12.86 

3.67 

84 

5.96 

2.00 

14.67 

4.20 

2 

25 

5.84 

1.62 

12.10 

3.13 

48 

5.40 

1.10 

14.11 

4.28 

82 

5.42 

1.19 

14.68 

3.93 

3 

30 

5.36 

0.58 

12.38 

2,51 

46 

5.28 

1.21 

14.43 

5.36 

82 

5.29 

1.31 

17.87 

7.25 

u 

24 

6.22 

2.46 

12.80 

4.67 

36 

5.27 

0.67 

15.91 

5.88 

90 

5.44 

1.35 

18.69 

10.07 

c, 

32 

5.41 

1.39 

12.62 

5.74 

42 

5.39 

0.62 

15.74 

6.38 

58 

5.70 

1.78 

24.26 

18.38 

6 

48 

5.58 

0.91 

13.55 

3.82 

35 

5.37 

0.90 

17.00 

7.56 

52 

5.39 

1.25 

32.88 

27.59 

All* 

177 

5.63 

1.38 

12.82 

4.01 

289 

5.41 

1.07 

14,62 

5.48 

448 

5.55 

1.54 

19.42 

14.10 

1 

14 

8.59 

6.53 

19.17 

6.79 

44 

7.92 

Simple 

’.67 

Map 

19.69 

7.26 

56 

8.56 

4.59 

20.65 

6.95 

2 

43 

8.88 

6.23 

18.98 

8.69 

53 

8.49 

5,22 

20.56 

0.75 

79 

9.60 

7.04 

23.42 

9.50 

■» 

18 

7.51 

4.95 

23.93 

8.46 

54 

10.01 

7.59 

24.91 

12.35 

79 

9.74 

5.04 

27.81 

12.34 


5“ 

9.57 

5.80 

24.87 

12.50 

51 

9.74 

5.20 

28. ?l 

18.15 

67 

8.45 

4.60 

32.68 

21.43 

5 

39 

9.54 

6.87 

31.43 

24.63 

52 

8.33 

4.23 

35,97 

37.04 

42 

9.82 

5.83 

54.08 

40.45 

6 

31 

10.27 

6.95 

34.18 

25.39 

34 

8.55 

4.43 

55.67 

55.40 

30 

7.03 

2.13 

109.39 

151.78 

All 

219 

9.21 

6.28 

25.24 

.17.28 

288 

8.71 

5.33 

29.52 

28.81 

353 

C.06 

5.59 

36.71 

53.13 

1 

40 

10.87 

7.47 

22.21 

8.57 

41 

9.37 

Comdex 

‘^..•13 

Mao 

22.79 

10.24 

64 

8. “5 

4.94 

21.75 

10.39 

2 

41 

9.5? 

5.29 

20.74 

8.19 

49 

10. Q3 

6 .ci 

22.46 

9.47 

86 

9. 32 

6.88 

22.58 

9.37 

3 

35 

8.39 

4.36 

25.10 

14.80 

52 

9.28 

6.56 

27,0? 

17.10 

74 

8.07 

5.61 

26.89 

14.33 

n 

46 

8.70 

5.49 

24.10 

12.63 

53 

7.90 

3.44 

29.94 

21.15 

71 

S.81 

5.17 

36.82 

29.11 

5 

52 

9.40 

7.61 

32.54 

27.72 

47 

9.94 

5 ,r? 

39.06 

40.22 

56 

8.80 

5.08 

50.19 

56.27 

c 

18 

9.52 

6.15 

47.80 

34.51 

?5 

0.71 

5.50 

52.76 

91.51 

30 

9.09 

3.29 

86.50 

66.71 

All 

232 

9.42 

6.25 

27.06 

19.97 

277 

9.49 

5.79 

31.44 

39.59 

381 

8.84 

5.50 

35.18 

37.00 


Cumulative statistic, across all six subsystems 
- Number of subsystems events recorded 
o_ - Event service time avera*^e, standard deviation (sec.) 
u* * Event waiting time average, starelard deviation (sec.) 
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XiZ 


T«blt 6* Coapftrlson of evpirlcal data and oueuain^ Model 1 aimulatlon results 


Suhayata 

No. 


0.01111 


Subsvsten event arrival rate (eventa/aee. 
O.C1667 

No ^'ap 


0.03333 




•wm 

Twi 

•wt 




«we 





1 

11.86 

2.51 

12.9*' 

3.06 

11.88 

2.33 

12.86 

3.67 

13,26 

2.97 

18.67 

8.20 

2 

12.16 

2.92 

12. 1C 

3.13 

12.19 

2.66 

18.11 

8.28 

18.18 

3.82 

18.66 

3,93 

3 

12.82 

3.39 

12.38 

2.51 

12.50 

3.21 

18. 8^ 

5,36 

15.69 

5.72 

17.67 

7.25 

M 

12.72 

3.65 

12. SC 

8.67 

13.30 

8.27 

15.91 

5.86 

16.27 

6.86 

IS. 69 

10.07 

5 

13.32 

8.63 

12.62 

5.78 

18.02 

5.87 

15.78 

6.38 

22.22 

18.03 

28.26 

18.38 

6 

13.79 

5.38 

13.55 

3.82 

18.91 

6.86 

17.00 

7.56 

29.58 

25.83 

32.88 

27.59 

All* 

12.71 

3.92 

12.62 

8.01 

13.10 

8.58 18.62 

51 mole Map 

5.86 

18.21 

13.03 

19.82 

18.10 

1 

17.91 

7.23 

19.1? 

6.79 

17.58 

7,15 

19.69 

7.26 

20.87 

7.56 

20.85 

6.95 

2 

18.87 

8.81 

18. 9S 

8.69 

18.87 

7.79 

20.56 

9.75 

22.87 

9.60 

23.82 

9.55 

3 

19.11 

9.17 

23.93 

8.86 

19.81 

9.68 

26.91 

12.35 

27.11 

18.25 

27.81 

12.38 

4 

20.39 

11.78 

28.8’^ 

12.50 

21.95 

12.08 

28.21 

19,15 

36.36 

28.30 

32.68 

21.83 

5 

21.67 

13.99 

31.83 

28.63 

28.25 

16.31 

35.97 

37. 08 

58.51 

86.07 

58.06 

80.85 

6 

28.86 

18.37 

38.13 

26.39 

28.90 

23.29 

55.67 

55.80 

102.03 

109.98 

109.39 

151.78 

All 

20.29 

12.22 

25.28 

17.28 

21.60 

18.16 29.52 

Complex Map 

28.81 

35.81 

83.68 

36.71 

53.13 

I 

17.89 

7.50 

22,21 

S.57 

19.18 

7.71 

22. n 

to. 28 

T9.9T 

7.86 

21.75 

fO.39 

2 

18.86 

8.07 

20.78 

8.19 

20.33 

8.78 

22.86 

3.87 

22.39 

9.69 

22.58 

9.37 

3 

19.28 

9.65 

25. 1C 

18.80 

22.27 

11.29 

27.03 

17.10 

26.58 

13.39 

26.09 

18.33 

A 

19.98 

10.88 

28. 1C 

12.63 

25.02 

18.79 

29.98 

21.15 

35.03 

22.92 

36.82 

29.11 

5 

21.87 

1?.16 

32.5- 

27.72 

29.38 

21.50 

^0.06 

8C.22 

51.69 

83.92 

50.19 

56.27 

6 

23.23 

16.61 

87.8: 

38.61 

35.68 

31.08 

52.76 

=1.51 

98.50 

97.10 

88.50 

66.71 

All 

19.92 

11.86 

27.06 

19.97 

28.90 

18.07 

31.88 

39.59 

38.58 

80.26 

35.18 

37.00 


Cunulative statistic, across all six subsystems 

d.-i - Fodel t event waitinx time averapre, standard deviation (sec.) 

WH • wlD 

*we» ®*.*e " E»pl**lcal evert waiting time average, standard deviation (sec.) 


j 

"V 


Table 7. Comparison of er.pirieal date and oueuelna ^*odel 2 sinulation results 
Subsy^te-: evert effective arrival rate (events/sec.) 





^ ^‘effective * ^actual • ® 

.0095) 




Subsystem 


0.02 

06 



0.0262 



No. 




Simple 

Map 








^we 

®w. 


®w» 

^ve 

0 

we 


1 

19.63 

7.89 

19.17 

6 .79 

18.89 

7.12 

19.69 

7.26 


2 

21.09 

9.26 

10.98 

5.^9 

21.02 

8,72 

20.56 

9.75 


3 

23.12 

11.97 

23.93 

6.^6 

23.80 

11.76 

28.91 

12.35 

8 

27.39 

17.02 

28.87 

12.50 

28.17 

17.78 

28.21 

18.15 


5 

38.90 

26.56 

31.83 

2-. 53 

36.97 

30.10 

35.97 

37.08 


6 

86.07 

83.87 

38.18 

26.39 

53.08 

89.79 

55.67 

55.80 


Pll* 

27.59 

23.01 

25.28 

1-.28 

2«.?9 

25.85 

29.52 

28.81 






Complex 

Map 




j’ 

1 

19.80 

7.90 

22.21 

i.^1 

20.26 

7.60 

22.78 

10.28 


2 

21.83 

9.61 

20. /8 

6.19 

22.77 

10.01 

22.86 

9.87 


3 

28.10 

12,29 

25.10 

18.80 

25.96 

12.97 

27.03 

17.10 


if 

27.83 

17.37 

28.10 

T 2.63 

32.92 

21.51 

29.98 

21.75 


5 

38.82 

28.97 

32.58 

2'’.72 

83. ?8 

36.55 

39.06 

80.22 


6 

85.38 

82.78 

87.60 

31:. M 

57.87 

69.66 

52.76 

91.51 


All 

27.95 

22.71 

27.06 

T-.97 

32.33 

32.58 

31.88 

39.59 



* Cumulative statistic, acroes all six subsystems 

T.«, 0 « • Model c event waiting tl-e average, standard deviation (sec.) 

wr** ^ wfli 

T, 


- Empirical event waltinc time average, standard deviation (sec.) 
^effective - Effective s-rsv?tem event arrival rate used in simulation 
^actual - Actual subsystem event arrival rate used In experiment 
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Picruro 2. A block di'7gr*»Tn of th*? human -aonitor (from Sm^illvood Figure 4. Fraction of hits vs fra!:tlon of tlsie on discrete t.‘»sks 

(3)). for four values of process b?ndwidtn. 
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piloted suiiuJators. 

Figure 5 shows the cjmulativ'e distnbuUons of intercrossing tijues (ICT) 

under the .sequencing and vectoring conditions without distinction as to the four However* the standard deviatioti for SS was about half as large in sequencing 

pairings. (17. 7 .sec. ) as in vectoring (32. 1 sec. ) while CC again showed negligible differen«:es 

(23 and 22 sec. ). 
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2. Statistical Anal^/ses standard deviation were compared by the familiar ratio statistic. Figure 8 abowe 

the computer generated hypothetical "no difference" Btatistice for a mean and a 

Prior to any statistical analysis an elementary treatment of the data was per- standard deviation comparison. The actual test comparisons are also shown, 

formed. Because full experimental control was not always available, several non- 
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0. 05 level) were between the pairs SS and CS (both simulator active) 
and CC and SC (both computer active). This indicates that the pilots 
received no differential advantage to following anotfier simulator or 
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setup. In particular* the vlstuil feedback is bin^.ly degraded and obscured 
when the hand aoves near solid objects. 
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•eront motions with different sensor signals, graphic Information display of proximity sensor signals in a form as 

shown in Figure 6. In the second set of experiments the stop distance 
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been developed at JPL. The primary use of the sensor will be in super- 
visory control where the control computations are performed by an Interdata 
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Integrated dispiay of information generated by sensors attached to the 
terminal device of a reiaotely controlled manipulator can be considered In 
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FIGURE 1 : SIX TASKS FITTING TOOLS INTO RICETTACLES 



constraint over positioning the tool In the workplace receptacle. shown for each of the transnlsslon delays. Hanipulatloi 
Manipulation time includes transport to the workplace, positioning, Includes transport to the workplace, positioning, and 
and Inserting the tool In the receptacle. inserting the tool In the receptacle. 
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Equation (i) is the expression usetl lo generate the predictor equations. 
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tion of tbe datataker are given in a technical report 









ORiGIMAL PAGE IS 
OF POOS QUALITY 








In part of a pro^Tara to determine the advantage* of force feedback 





Task time - fr(peg) + K (trajectory length) 




where the two curving functions, end f- of peg sice ere olfferent. 
the linear functions of K. of trajectory length are Identical. 
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the mr^dol's predictions and piloted, ground-based siimilation 
results, one of which is shown below. 


TapoM iiajnJiV-^otTd 9m |o «ea*«ta H^ota i aanSfi 


llUOM iOlw 


r om MViAatm^wniN T j 




.♦f.) 


Myniv)! 


r 

1 , J 

niooM Aavaaiiivl 
_ 

ir^ 

=^: ..,1 


tSION 

ii3iiivaiiniSio 

(»W 


- I ♦- B 0 ) 

- U 0 -*4 £ 

(V ^ « w 

- > -H x» 

J O. B 4-* C 

4 i/ B rt w 

1^0 e 

• <9 £ 09 >*4 Ci; 

W H 0! -M 3 

Lr (S 4> K T3 

3 0 4/ 

4 £ . O ifl 

>4^4" 0/ 
•H <3 ft 4 *4 

• a ' *o « 

■* UliC*- 

» g e £ e :e 

4; 4-» 

3 ♦- c ** *u 

3 (A 0< C C 0 

t >. > .*4 ^ TJ 

05 .4 *3 

3 *4 . ft pj 

4-* 3 X 

• C ft >1 t 0 / 

i; B -0 £ £ 

• 3 H *«» 

f »- 0 • 


ft-4 

3 B B : 

V Bfh t 

4lt3 k f 

« 4» k I 


w © O 
E C ~ 3 

0 4^ ft & ; 

X Bo 


^ © tie i* 

-> ^ ' X B O 

« © XU ' k 

>,■0 -3 ;• u - 

1/ ^ s 'X *? © 

S X C £ »- £ 


3 ^ £ 0 1 

<« U*4 0 ^ 

rt C ^ ^ 

b »- C *0 < 

3 © 7 © T 

k © 4.. t 

A £ ‘0 © j 

r — y -0 © 

4 3 B A n« 

V £ £ •> 

- TJ X 3 < 

- 3 © « X I 

PE© < 

0 C w . i I 

k & . 

ft 3 B > B I 

1 © < 

e X © ( 

E ‘ X i 
A *9 b © © 4 

b B 0 X £ 

4 B W -« w t 
: 0 I 

- k.-o C T3 -4 
n B B C T 

B k B I 

.£ .j 

■» " k 
4 -3 • ( 

-AX © * 

- > w C 

B k 3 B t 

© ft i ( 

[//♦-* • E •* 
3 £ 3 KIC I 

■» 0 o g t 


^ B 

££( 

X w © ( 

© B B *M 1 

£ 0 0 w 

N *,» .« y - J 

5 *4 *0 ( 

B B •< 

K 4- > B J 

B B k g 0 i 

E O © k. 

9 «-l 4-» 

•*^£©61 

9 0 OV 0 t 


* B 6 £ 4 

I O -.4 4-1 'J I 

r u w o •« I 

* 3 -N £ 

0 -4 a - 

* *■> ** ft-W* ( 


: b£ b i k 

^ © g A © 4 

• *0 B e k 


4 w y H O 

rt k *4 I 

b "w »j 

3 3 B • © 

E X E < 

© © 

^ 0 £ 44 JC 

J w w A g - 

k 44 

3 X V- M 

b «4 C k to 


S i 1 8 2^ 

4^ P4 T3 .-4 I 

• O B B ( 

4 p4 e fi £ 

ft 3 X ^4 i 

9 .^ © a I 

b © g 44 4 

s £ © U k* ( 

« H b B <*- 4 

C A A < 
■0 b J 
• « k g I 
B 4 -* - © k . 


H>Be£©Uk*BX 44 

t-»CAHbB<*- 44 k *44 

< E •«- A A 44 © 10 

X *0 k £ -n k 

A ; • « k g A *0 g 

£B 44 .-yk,^ai^ 

k <0 ^ M / k -44 

4 M 3 © k 3 B A 

© *4 4 ^ i U 1 - -3 

'0 £ k> © B S © 

JftBAk.£H 4 .B£ 

§ 3 |- 4 -' 04 J 4 Jg*- 


*4 -.4 k. g . *4 J 

8 0 © 

MB > g «H I 

wek©06C«’ 

-4 3 4 ^ © 

- B «4 B •£ X 

4 ^ 6 k £ w C 

X *44 10 g .44 I 

k M £ A © »> I 

©©Cg 4 i 4 « 4 X'< 
4 ^ {S k» 4 «» *4 A •44 4 
•44 6 *44 B k k 

a -4 ft © * 

«N C 4-» ( 

X £ *0 X 0 b g 

k» © *.4 3 B 1 

0 g 4« K © k4 b 1 

C £ '-^ B 4 k « 

A C I M © £ I 
b b >. B > g I 

X 0 0 A -44 I 

k X g 44 y 

C • -44 £ © B - 4 

♦» £ « g I 

B X 4- © *4 © «0 < 

4-t k **-l *4 b C J 


>« B B £ 

0 © © k* 

B b 

© g © 0 

© £ B 

X 0 *4 B 1 

















s ^ 

0 4>» 


■'8 

II 




(C 

4-» *H H 

til 
*0 ♦* 
fl« ^ p. 

AM? 

S"^*S 

i il * 

M a 

•H 

^ • 
o 

^ > a • 

tt M *3 0 

*0 M « »4 

C 4' 

« . o e 
£ X 0 
W 0> U 
*0 4) 

« M h 
4» ' Q 0 
A X 0 ^ 
4-» A 
h U V 
* 4) C 

§ > >,0 
3 i»-< 

-(Mix 

** o 

T9 i 0 V 
e -N 

o <u 

o A a « 

** 

4» 0> 

„ ' A A 

bfiO ** ** 

•H 

pH 4) (Mb 

^ M X fi 
k A -P4 
A 3 C0 

O 0 3 

at O 

Q) o» e 

0> 4t 


W 

a 


Pi P 
a 

V o 

S'* 

«u 

< -H 
4; ♦* 

PH V M 

4 


C4 


<M S 
0 4> 
♦* 

•H 

3 


O 

P 

«•« 

J 


S «-MM 




YAV 

ANGLE, 

deg/Omg 

40 (0 CT M 0* CM 

CP C4 CO N r« ri 

H ri i«I <0 f? 0* 

1 1 I 1 4* i 

(0 0ft 00 

dSi4i 

S 

^ ^ ^ 

^ § 8 $ S S 

C 0 d (0 ci ri 

( ( t ft 4 4> 

• AM 

A (0 A ft 

3|h'n.T 9 g 

SS<* w- 
8 

<0 0 * n go N 

09 t* 0* A 00 0 

04 4P< H CM 00* 00 

ft 4- ♦ I f0 pH 

4“ 4- 

- ft- M 

U in ft 

5P'-^'3 0 

0J < H3 ft 

>. S .<> 80 CO 
ft 
T) 

n 09 

CM «0 CM CM <0 CD 

H CP 0 tb CM « 

d d pH CO ci ci 

ft 1 1 1 1 1 

SIDE 

VELOCITY 

36/dv, 

deg/fps 

CM 09 0* CO N 

CM 0 0* CO PH Q 

trt UO If) 0* 4P to 

6 6 6 6 6 r4 

4> 1 i ft ft 1 

AIRCRAFT 
ANGLE OF 
ATTACK, 
deg 

C4 CM 

0 N pH 0* 00 (D 

pH 00 H to 0 0* 

pH pH pH CM 


I 

^1 
I V c 


a 4* fi ^hh rt «s 

4> fl 8ft P M T9 4) 
M « 0 Hh m D6 
iSJSQM V 0 
4* O ^8A«h ft 
Q 0-i 44 4* O 0 JB 

^ ^ “ y 

hftpH 


p 0 ♦« >H « 


M p 

4> P 4^PH pH 

M P, 0 4> 

Sg^S" 

g“as 

h 0PH 

4* O 4* 

0 0 fl 


M 8 S • 

PH P 0 P 
«*8 8 


•H M I 


bC«H 

0 


ss 


M ft hH 

P I & 

0 « 0 


0 

« HH 

ft I M 

■e C.A 0 
0 0 fift 0 
4^‘U 3 A 
0 Q 0 


P <0 

Pb .‘^g 

S O Ot9 ft *H 

ft ^ ft A > 

0 80 A ft 

ft*HOO0OM P 

£! 44 4» t* '* 4* 4i 44 Q, 

44 Q H g4t 0 

6 AAA ft 

^ M 4> ft 0 A 

•HAftOM0^ 
ft W M P A M ft 
^44 0<H ftt9 ft t«0 
C)^|^M>ft 

Vi *4 V ft M 0 

ft M>i0'N^f^B 

pH pH pH 0 

A0O0«HftftHA 

08«*HOOPH*rf*HP» 

H ft 80 0 

H4Mft4H0pPHM 
B0ftAft0 pHM 
•H pH t|0H GO A *H ft 
0 0 0 ft ♦* -I 

C M 0 0 0 M 

i 0 A • ft 

0 ft T9 ft pi 0} P 
A pH ft a *0 ft 0 

MpHftft^S4)« 

ft (0 9 0 > 3 

MPIp'OP -H^hC 
< 04;0pH4J-P»PH 

M»^IUft-H^e-H 
0 e 0 M (0 a 
ft >1 p Q 0 

M A pH GO O. B ft 
pH 0 4H h ft A 
0S09«-4 0C«^ 

V ft ft pH ft ‘fH 

ftO*HftAA0«H 

a*» 80 o 0 0 U) 0 


^444* ft* 

8 0ph O 

0 *4 

ft* ft i ft ft 
ft<HOABft *44 

55“--3&g§ 

4> T9 < ft M ftPH 0 
O > T9 ft 

2 >. 0ft X ft 
PH • A A ft«H 0 
*4 to 44 £ i, 
ft 0 PH (0 «« > O 

A 0 0 0 *0 -^44 

p* ft ft. pH 0 4-> 

•H 4H 0 0 0 0 M 
ft «M 0 t0 Ap^ ft 
N 1H 0 - p» ft *0 

H o ft pH 0 ft. 3 


p^ M 0 0 h 

.H >.H PH TO <H 0 M -H 

- ■ ts 


A M 0 ft «H ft.M 


0 

T9 

M 0 


T9 ft PH 

^ 0 


O ft. 0 0 M ft. 

O O 0 ft Hi ♦# 0 

Pi w <p- «M e ^ 

•«H o 0 

ft *3 ft A >H ft U 

M |p» V A 8f 

S to C .-H -.H 0 

ft pH M 0 *H 

A Hi 3 W «H SV 

ft 0 0* 0 A ft ft 

9p ft a p» h a u 

4H 4H ft. H. M B 

0 to ft. 4P a 

pH >. M .PH • 0 A 

M 80 0 PH 5 

ft 0 

Mi 44 jg ^ 

ft 0 W A 

A « ft. *4 

4H ft ** V 

0 M Hi 

*0 0 T9 3 

pH PH PH 0 A 
3 0 0 0 
0 '0 PH ^ 

A M '• HJ PH PH 3 

CO p ^ a 0 


a-H 


ft 


ft pH 

0^0 

M«h w 
0 0 

T9 0 

W b to fti 

ft or to O 

..to ft a 

tJ W ft Hi »%Wi (0 

ft 0 pH 0 ft. hH pH 

a 0 A ft 0 o 

*H 0 to > C ft ft. 

44 (h 0 PH ft. Hi 

C ft 80 ft Hi ft 0 

9A<-Ht.0AO 

H-*iOM0HiHJft 


-I 
• ♦* 

p 4 4i 

-s 

0 k 


S| 

•H 0 

0 

44 to 

0 44 


4tS 

iZ 

44 a 
O 3 

pH I 
•P.T3 

a 0 


^ ft 

aA 

0 44 

T3 

* 3 

jgS 

Hi bfi 
3 
ft 0 

pH ft. 
•pH a 


A 

0 

H 


H O 

a h 


5! 

£2 

3 

H ft 
0 
a o 

S pH 

I K 
V 

0 A 

••4 ft 


ft CO 

A 


^ (0 

0 ft 
w 
(fl 0 
ft U 
3 

pH tlO 
0 0 
> ‘H 
0 (0 
ft U 
80 


fT" 

Sh 

jS2 

32 

“^CO 

|e 

2S 


C 

3 TJ 


CM 


CM 

tp 


CM 

0) 

oc 

0* 

n 

CM 

CO 

00 

r- 

CD 

tft 

to 

to 

d 

d 

d 

d 

d 

d 


M 


A 

CO CO to 

PH CO ® 


TO 

ph’ p^ cm* 


<jD 0» CO lO pH CM 

to P. « t- to CM 

0* to CD W fH 


,g_,gL-,.Q^-Q^ 


CM PH S 

tD p^ CM 


15“ 

“5T- 

-T?T“ 

-tlT 

0 * 

r* 

tO 

CO 

tH 

CP 

CD 

CD 

-sL 



-ji 


""5 

CD to 

■ ,9 




ft 

A 

ft. 

>» 1 A Hi 


r- ft 0 .pi 


au-H X 

CM 


M I 

0 pH ( 

e 0 ^ 

Hi ft D Im 0 I 

0 A pH ft I 

pH Hi 0 Hi 6 L - . - 

H ft 0 I. ft. U A 

aft <-<0 eC 44 It to 

N K ft A 0 0 

ph^-hM *OM0ftft 
0PH {0- Ob pptt A 
Gh HiHiEMCOCft 
•hA 80O ftCB-pH 

Hi00pHftpNMO 3 
^^ftpHrtftfter 
CMBatOpft A 
•pH ft b ft. ft H> (0 
ftA0ftp^ ftB 0 

AftBABAft'pH'OO 

4J>h ftHiOftT9Hi0-pH 
Aft. ft Hi 0 Hi 

* 0 A 3 >p ft 0 

ft ft Hi ft Q ■ - 

0 « A -H ^ 

0 ft Hi 0 


I ft TJ 


T9 0 p Ih ft. 

P M ft E ft ft 

e - 3 > « 


0 ^T9 Hi CTpH ft A 

ftAftP^'HiftpHSC 
to 44 H00bO0 
u0r0ft.iH«Hh, 

0 ft- |9 PH -p^ w I 

•HHiCUaMfPHft 

HitOAOMHAAftB 
O MM 0ft«HiA0 

6^ MM 3 Hi 
O30-ftHi-> » 
Aft.0 HiA008O0 


g2 


ft ft 

ft U pP PH 

A CO 3 A 0 

Hi ft. Hi Hi 0 3 ft. 

0 PHft30ftHiHift 

HiHiOHiCi0M(OftpH 
M ft. 0 CJ 3 .•! 0 P- 
TJ^H-MOftO. O 

PHft. O0ftHiftft0Hi 

A‘iH>iCi0tO AA 0 
U3ph SsCWHiHioO 
Hcrooo 0ft -HU 

wftCCftA80HiOA 

ft- PHAC9C0Hi*ipH 

CO V M Hi 0 -H 0 

Oft 00 PAM'3k£ 
•nhSCft -Muft-ft H 
0iri ft..-* ft- Onip^Hi 
80 UCi — AUftpHa 

>. 'ftOtMOCiAftC 
pH80ft.ti«H -HO-pir* 

O ft ft ftA ft. 0 

ft-Hi>ft.0A>4)HitO0 
Hi03C*pHH 80Hi-H 

* ^ - 0 0 ’ j : 

I ft 0 Hi 0 

' CO 0 y A ^ ft 

0 ft ft- A .i 

_ . 80 £ *3 c 80 0 

AOpH'HAOOJA 
atOHijMHiftouOft 
0 0 0 Hi ft A A 

10080 4<ft'PHft‘3Hi 

vT-pHoOtcftacoft-pHO 

WH^Cft. .h^h-* 

ft 0 ft- 0 A ‘3 ft A 


0 ft- 

ft W 

0 Hi 

0 

y M 

0 Hi 


E 0 

*3 0 

3 

ft .,4 

ft 0 


c5 

tD 



A 

y Hi o»M 

Hi 0 

0 0 >» 

A -H 3 ft A Hi ft 

A 

Hi Sp. 

OD 


w 

•pl 0 «Hi 0 



i ' ft. *3 T3 y « 

H 

. 

V 


w 

Hi 0 M- 9 ft. 

•‘ M 

ft. A 

0 3 C 0 


ft ft -P4 

d 


<0 

CD 

J 5 y pH 0 y 

ft Hi 

ft 3 y 

Hi > pH Hi y* .0 ft 


A *3 p-i 

ft ft. ti 


(IB r 0 

0 0 M C ft. 


Hi b *pH 





pH >3 S pH 

Q 

ft- A 

PH ft. 0 H w y 

ft 

F A 





0 ft P-. 0 

fi A 

ft Hi 

A 0 Hi 80 0 0 

*3 

ft 0 


h 44 p^el bC > a U 

ftaft-ftft>i3'3ftC 
Hi0ftft.Aft-O0ypH 
0<3> HiOA ft.Ti 

pH 0 ft HiHitMftft 

ft-AT9 0>^ O aft 

C« (0 ft t- 0 0 4.4 

C 0 pH B O 

•h03 -h ‘O0fiO 
MpHft •MO'3-H C 
£?ftBpH0Mft<«tHft«8O 
>0 09aftA<MC 
ft E ft -pH Eft. pH 
3 pH H» ► 0 M M M 
ftAOT9T9ftSpHi0 
pHkJEft lAMpHft 


8 -pHC08OM‘HbpH.-- 
Hi 0 B V C -pH — I 
10ft P-bOft ACO 
0 00aA-^Eft-Hi 


ftHipH-*Hft*0pPH Q 

(0(00 ftS 0-AE 

0AEft>O4H.ft.ftft0 

pH 3 -pH M ft * - 

U M Hi 0 M 

a ft 

< Hi 0 ft. 


ft *H H 


0 3 ft- 
6 (0 ft 
04Mft.0ftBft.ft0 
ftO0T9E-pHeft->pH 




0 0 Hi A 

A >. 3 ft 

M Hi ft O >1 
*i P-4 Hi ft to 
0 ' y3^33waa 
AC0A>oMQft.p 

.i •«. >pH ^ ft ft o M 

0 p*-ift.ft>pH- 
(0 Hi . ft. A « I Hi 

P4B0ftB0Hi0OO 
0 .p* — G ^ ft pH 

ftrt ^C'0V'»-'Mfi,*M 

>Ettfa8O0OOOa 


ns 







1 


„ 



- i 



P 




4l4 

*0 I 



X 

B 

a 4Q 


15 



p 

0 e 

P 

PPM a 


p 

8*1 o ^ 1 a 


P 3 

b eZ 


M ® 


p 

QJ3v»iH «H®Ba 


0 eu 

ftp 

B 

p • 0 a 


a 

"2 25 si S ^ 


p 

Ob P 

0 

p ta B 3 

B 0* 


Btt^Exsea^^cB 


a 3 

a B 0 » 

p 

• p 

P 0 

p 

^ *."92 


B 0 

0 Vb 3 

P 

•iH m ® p 


B 

O’^av* •HB>k B43 


1 0 

cool 

B 

^ 0 "p Vi ® 


V 

>^® aB-p<HX>a v> 


p p p 

3 Vi XI 

P 

MV B 73 

® (N 

o 

Vi ® 0 ® B ‘H Vi 

®OX3 04JBT3 oa 


0 p QJ 
p B -D 


PJB 0 

O B O 0 fi 

2® 

p 

B 

aiH4J-Ma fix® ®vv^ B 


P P o 

Vi 43 

T3 

P 0 P V 

B < 

P 

b ® av» B a 4^ ^ 


av4 fi 

P O • ® 

B 

X3 0 P O P 

P O 


0Vi®B®T3Ba >k® 


B 

BP S Vi 


B a 43 0 

a 

0 

JQ®V»^OBOO - !BE 

• 

B > P 

P 43 0 0 

a 

HP P p 

s 

a 

0,BBB '0^®B 

Vi 

® 0 

a p « 

p 

Op p 

a ® 

3 

VVi boa®B04JB 


® PP 

x3 pa 


B 73 a 

P o 


t>» ®OB*^S iHB 

> 

a BP 

U t»b B 

>% 

.fi a V a 

a 

p 

B » B v*r-l -P -H M ® 

3 

p S a 

P P P - 

p 

a a B ® 

d p 

0 

® Si ^ ® s ^5 2*® 

® 

® -d 

B p a bfi 

B 

'BOP fi 

0 0 

B 

BbfiBBMBg^ap 

B 

B ® 

EP B ® 

0 

0 p B > P 

p fi 


P B ® P X P 

i 

043 

ap*3T3 


P P *0 

bfi 

a 

o oa®a®Bxip® 

6 

a ap 

PJO B 

P 

Bp ® p 

0 w 

0 

iHPPOa ViUOiQ 


® ® 

6 B fiO 

0 

o B a a*^ 

V ® 

0 

PB 0 ®0PPL 

® 

P T3 O 

p pp 

as 

p ® B B 

■0 

•0 


Qia)'dx:oj3'M 

«) a n 0) >H os 

9 ^ >.*0 > O tt Q M 


. Q U « 
^ B ® < 
O 


n > 9i o 
a 9ir-t U * ^ O 

. ^ fc, ,-i O < -H C<> 


H 

a 0 p B p V 

o 

>b c 

3 0 

® «P 

p 

Ml W H O 

a a p 

B a 

Q 


B B P ® B P P 

p 

P B P 

0 P • 

•d ao 

p 

BO B 

® B 

fi 


0 P P fi OB 

Oi B E V 

fi 

bfi 0 

p 

a a^B 




O U CXP fl 3 0 

E 

E 3 

>«B 

p E P >b 

p 

B P fi 

O fi 

p 

fi 

O p 0 Vi O 

B 

p V T1 

® P V 

a* Op 

fi 

p i-i p p 

fi o 

0 

a 

® p ® p p 

X 

P 0 

fi P 3 

^P P 

B 

p B a B 

P 3 

p 

B 

V p fi a p a o 

0 

CX 

P P P 

B ® B 

P 

3 B P P V 

E 

p 

P 

0 V P P P B fi 


0 >b < 

P 

O V S P 

a 

O p B P ® 


a 


So 73 P P 

® 

B O 

043 0. 

B P P O 


P P ^ B P 

p a 


P 

p ® a 

fi 

fi E 

O B 3 

o app 

B 

<H ao B B 

0 B 

0 

P 

®®ppoa'DP 

B 

P P 1 

pa > 

P 

p 0 ap ® 

V 

fi 

3 

V fi ® O P B 


fifi 

B a-d 

B ® 

B 

p a V 

p p 

p 

O 

B P B 43 B 

B 

a o o 

M B B 

73 43 ® 

P 

t3 >»p fi bfi 

B 0 


P 

® p p p 

p 

Op B 

P P P 

73 B P fi 

B 

P O 3 

0 

p 

P 

fi 0 > fi p a 


p fi P 

a a 

fl B P 

P 

>kV 0 a a 

O 43 

p 

<M 

0 p © ‘ bfi o 


Bap 

3 -o 

B P 

B 

P BP O 

U 


P 

P V P « P 

. 

P B 

p B O 

1 P 3 B 

fi 

p ® ® 

Vi P 

>. 

XJfip >^®P>iE 

•o 

3 •• 

P Bfi 

i p o p 


B c a V V 

0 B 

p 



B <M B XI Vi 0,0 
0> rH S Ck O O £3 
BBO'O’V^'h -O 
B a 3 B ^ rH 

B-PO‘«&SV>OeA 
o 0 ) > a o B B 
OB«V*Hi-i+jB 
I -H B «H B -H 
I E « O B Q. B (0 
I B ► O M O 
B O Vi «> <H V 

>»«M Vi B J3 O 

•O B • -H -M B 
Vi <M B ^ V V« 
BOB O v» rH O 
Vt *H O iH B fa 
B -H O XI -H £ O -H 
•HBa-MAV>BB 


C h B :: 

M 

xx: o o 

O O -H ® 

•H ^ Vi B 
■M 3 


•H ® B O 
+J ® « ^ 

Bxa B tt 


4-» 4J r-t -H B 

O *H ® bO o 

a T) Vi -H 
V> Q B M 
BBSS® 


B eo C S A 


a 


p 

p 

ip 

0 

O 43 V 

p *o 

o 


a 

B 

o 

>»p 

a 

P p 4J >k 

B U 

O P 

p 

a 

V 


a p 

0 

bfi 0 P O 

73 0 

B 

p 


O 

a 

fi 

p 

® p p p p 

® ^ 

a 

B *0 

P 

B 

>» .7 

o 

V B P P fi 

a 

a B 

V 

B 

B 

O 

P P 


p ap B 

V 

® o 

o 

B 

P 

P 

® a 

>v 

a o fi p 

p ® 

a p 

V 



bOP z 

v» 

p 3 ® B a 

0 fi 

3 P 

p 

< 

a 

® 

2 

o 

V fi P B 

0 p 

d 0 

B 

a 

p 

u 

E B 

> 

p o p a 3 

P 0 

o a 



. U) 
® 

W 73 

00 

Oi 

Oi 

00 

o 

(0 

p 

o 

0) 

p 

M 

ts. 

M 

CD 

^ i3 

O 

P 

M 


p 

U3 

H 

CO 

C>- 

in 

00 

CD 

^ (3 to bo 


* 










H 2 rt> ® 

M 

M 

CO 

00 

d 

d 

d 

d 

d 

p 

M 

B* 


- tB 
^ ® 
•J W rt» -O 

•J J 

O O *o bC 

Kg<o ® 


CO 





0) 

W 

o 


0) 

fi 



> bo 

“*S- ® 

0> 


o 

fi 


fi 

M 

GO 

O 

CO 

o 

o> 

CD 

CD 

M 



W rt> 73 

CO 

M 

B* 

M 

00 

00 

M 

0> 

o 

T 

p 

o 

P 

CO 

CO 

O 



CO 

CO 

rt* 

» 

03 


• 











< O *o bfi 

« 


• 



d 

P 

M 

eo 

CO 

d 

d 

d 

o 

d 



H 2 ® 

o 

o 

O 

O 

r> 

1 

1 

' 

i 

i 

+ 

I 

' 

1 

1 

t 

bfi 

B 

< 73 

1 

1 

1 

I 

1 


(H 

kj a 73 

® 

00 

fi 

B* 

B» 

P 

B* 

fi 


B* 

r» 

fi 

p 

o a 

I iJ H a 

CO 

fi 

O) 

00 

CO 

B* 

o 

d 

O 

o 

M 

p 

•d p 

O < *0 bfi 













0 cf 

os os <7> ® 


d 

d 

d 

M 

CO 

B* 

d 

d 

o 

o 

O 

d 

38 *d 

73 



I 

1 

1 

t 

1 

+ 

+ 

+ 

+ 

+ 

+ 

® 
















0 















r- P 

- bo 














P 0 

V ® 

O 


CD 





fi 

B» 





a 0 

W “d 

® 

CO 

M 

M 

B* 

B* 

CO 

C5 


00 

«3> 

O 

M 

a 

^ H 

a 

CO 

O 

B* 

00 

CO 

CO 

(3i 

O 

B* 

CO 

0) 

B« 

73 

< < *o bc 














® 73 

H « rt> ® 


d 

d 

d 

M 

B* 

CO* 

6 

P 

P 

Ci 

CO* 

fi 

P C 

a B 

73 


1 

' 

t 

1 

1 

1 

1 

' 

• 

f 

1 

1 


£ ~ W 

W W > C. 
o y <t) V 
i“« C 

OT <o bC 
W ® 

> TS 


0^ CJ N ^ 

^c3«TfDocortT-«sitocn»o 

tOOOlOOOr-lOOOiHtO^ 

oododddddddo 

I l + + -V‘V + + T + + + 


bfi 

® 

•"©-’0 

da^'a 

O O <o ® 
OS 2 r> -o 


bO 

P 


CD 




“ ® 

00 

M 

M 

CO 

B» 

CO 

a'o o 

M 

CO 

fi 

M 

Oi 


«)'>».© 

O 

o 

O 

P 

M 

CO 

IB a 







40 © 

d 

d 

d 

O 

O 

o 

rt> *0 

1 

+ 

+ 

+ 

+ 

+ 


bfi 
. ® 

- t3 
W rt> O 
< H ^ tB ® 
>H *o ® a 
os -a 



bd 

U tB 

02 

CJ 

p 

B* 

CO 

CO 

02 

72 

r1 

B* 

X 

CO 

u a 

< © 












« O 

H73 

p 

X 

p 

fi 

d 

B» 

f-4 

CO 


fi 

0) 

B< 

p 2 

H 



H 

H 

p 

M 




H 

P 



H > a 

CD 

B* 




M M ro P 

H 



CO 

eo 

Q O 

M 

fi 

M 

f- 

o 

p Q *o bO 
CO J rt> © 

O 

O 

P 

M 

fi 

W 73 

d 

d 

d 

d 

o 

> 

+ 

+ 

+ 

+ 



< fcS 
OS (B U X 

M 

o 

M 

P 

B* 

X 

X 

t.) a < © 






CS O H *d 

p 

X 

p 


d 

B* 

p 2 tH 
Bj Bl ^ 



P 

rH 

p 

M 


316 


a) Lateral Stick Alone b) Lateral Stick and Foot Pedals 

Figure 2: Effects of Pilot Uodel Adaptation on 

Maneuvering Flight Stability 
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foreseen 8 ituat I ons and select the action to he taken as a runction of these foreseen 
sit'oations aoi of their subjectively*^ppreciated seriousness. 
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The permissible deviations were determined experimentally. 
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[12] provides m aethod of slsplifylng the resales in Table V . The folloving 
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CASE 1 * (Target Motion): i ubftantlally fov any paraaeter. Thl* reauit agrees with figure (104) 
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DISTURSANCE COWDITIQW differentiating the displayed error signal. 
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«d s 1 $ the LepUce operator. The oeisured aaplltiMle ratios and phases 

5 01 ypA the nonttl and degraded elsoal displays are shown In Table I. 
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seconds of slnulatlon nmtlne during idildi data were taken. The transition 
phase, wamup peHod and data-taking period constituted one run. 



Each pilot was assigned a particular display case sequence, and the order 

Tffrle II 

of presentation for one subject was balanced by the reverse order of another 
sii>ject to eliminate possible learning effects. During training each subject 

was presented with his first displ^ case, and would repeat runs for that Para«et®r$ for SuenOf-SInes and Rannant Frequencies 




3f8 


and phase calculated at the disturbance frequencies, pilot remnant was 
calculated at the “remnant" frequencies shown on Table II. 
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Figure 4: Average Pilot Quasl-Llnear Describing Function for Oynanlcs 
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APPENDIX A 

MV not b€ critic*) to ovtrall task porfbfMfice, tlit txptrlMnt cloarly 

dioM that pilot perfOnoonee cm bo chmged by visual mtf/or Mtlon cuts Equations Used to Calculate Pilot Describing Functions 

at frequmcios as hlqh as 1C ra4/sac. Thus notion and visual sinulator 
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a. Ringland. R.F., R.L. Stapleford and R.E. Magdaleno 1971. Motion effects 
on an IFR hovering task - analytical predictions and expeiinental results. 
NASA CR*1933. 
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0 dB represents 1 pound control force per degree 
roll for the aiaplitude ratio and unity (dimensionless) 
-Cl the remnant ratio. 
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Figure 4. Comparison of Model and Experimental Performance Scores 
S«8tatic condition, M«»niotion condition. 
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387 


S»statlc condition, M>«isotion condition 
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Figure 1: Visual Field Velocity Nulling Task 
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defining thgt subject** operator dynaslca (C)» obtained froB the aanual 
control expcriaeoc. Shown In figures 8a and 8b are Che resulting estisMtor 
Figure 7: Dual-Input Describing Functions (uncorrected for operator descitblng function data for Ei and Ea, obtained by averaging over the four 

dynanlcs) subject population. Also shown are snooth curves associated with two linear 

I transfer functions which provide a least aquares fit to the data. 
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<i the lack of experlnental data for single channel visual 
and the known relatively wlde-band aotlon detection responi 


Figure 8b: Dual-Input Describing Function: 
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canals**. Aerospace Med 41:386-389, 1970, 
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of vhich had tvo gentle cutoff grequencies: 
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Foroins function. A white noise signal was filtered by the following HITAC 5020 coMputer was used for the calculation. An example cf the ob- 

shaping filter to generate the randcoi forcing function, the power spcctn* talned results is shown in flgs.W and U-b, of which the walues of (X,T) of 
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5\wpUTor&^h.^, i Petcr-^.J^.A. ; «v<S Aiaex,f,P, : Expei'lttciits and a Mod^l for 




Froa £qs.V and VI, ve olttain the esllaat of the pofver spectnn of the 

















Motion Only 



Figxire U-b. Identified Pilot Describing Functions, Y (ju.)^8 
by Spectral Method 
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Pilot-Model, aircraft system short period mode frequency, for pitch ,</ntrol. No lead term has been included in the pilot lodel because 

rad/sec ^ intention of this study is to combine the pilot node! with aircraft that 
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pilot response. 
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value of pitch an^le than In the case with the 5 decree pitch angle changta 
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The seme type 01' resiilt was obtained when a step change In altitude was 
computed using the imiUl'oop pilot model. These results are showfi on 


SlmUtton Te sU - Thr«e experienced test pilots served as subjects In the da«pe<l- They Increased the nnewvcr rite In the next try. and then made 

simulation tests. Each pilot tested each filter configuration with each of ■•'^euver xihieh was done as rapidly as they felt they Mtuld ever do 
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shown In figure 10. These results are typical for all the subjects. The complete set of tesU are given In Table II. It c»n be seen that no Improve 
pilots performed these tests In a systematic manner by first performing a mtnt In root •mean-square va'ues of the altitude error was provided l(y either 
very slow maneuver (using a low gain) which they were sure would be well the non'.lne. 'Ur or the linear filter with the medidi -.peed aircraft 



configurauion, there was some improvement with the high speed aircraft, and During the course of the present study there were no instances found 

there was a very noticeable improvement due to the filters with the low where the nonlinear filter caused a divergent oscillation to occur in an 

speed aircraft. These results closely match the results obtained in the attitude control task. However, there were cases Involving altitude 

pilot model analysis. control in which pilot induced unstable oscillations did occur. In the 

The pilots were asked to rank the different filter configurations as pilot model analytical study, It was found that a rate restriction in the 




s a s 

" 8 S 
4S u S 

9 0 0. 




s 

r- L> 

C S 

I I 

« I 


u « c 


*3 Ok (O 

*0 J- O 

i £ i 

^ .r- 

9 <0 

Qt «T 

.O 'J 0 > 


lO lA O 

«1 .C 

t- M (A 

O) m 


v\ u 

-«-> -iC -r- 
l-l 


F-. o 

S pH 

— V- Q. 


•A T5 T3 
o; <u 

If I 

W 1 io 


I s ^ 


s I I 


•M ^ C 
U O 

f « ‘p- 


o cn C 
■M i £ 


o > 

9 flJ -O 

<A C >-> 


«a iA -M 

<0 <M JO 

44 Qi 

^ 2 u 

« 9 (C 

C tA Q) 


*-* 0 ; ^ 
4 * »— 

0 ^ .Q 
^ <o 

(A CSi 

S £ 


£ £ c 

r- U O 

•r- a* c 

«*- 

i. £ 

t 3 44 

0 ) 

C <0 4- 

lA 

C «B 44 

O » « 

C JZ 

T} 44 

o; c 

£ 10 ^ 


‘i X I 

>v 44 U 

i, ^ t 


ecu 

O -r- 
44 T» ^ 

E £ 

•r- 9 *0 

o> ^ 

•»- 9 

0 > O 

44 C » 

JO O 

J- u c 


• U 44 

C e -r- 

O - (A 

10 


. *- 

44 O 

C U 

at «0 

3 lO 

t J, 

o. > o 

<o 

Of *D Of 

JC c 

44 -r- U 


44 

C 'r* Of 
9 .O -U 

8 5 ::: 

<0 tA 


bynassed in the present investigation. 





sin # cos 




425 







SINUSOIDOL ALTITUDE COMHANO TASK PILOT RANKING OF THE THREE 


4 ? 



428 


30.0 20.8 25.0 

24.6 20.2 21.1 

21.7 21.0 27.7 
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Sketch. - Nonlinear filler 



Figure L - Block diagram of pilot 'model. Aircraft system. 
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’i 9 ut Figure 11 - Step attitude change, pilot P, high speed aircraft 
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Figure 14 - Sinusoidal altitude command, lw( speed alrcralt 
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A tendency for an influence of mechonicol parameters of the moving orm- 
control systefn on such movement poiameters os maximum acceleration and 
speed was seen and can be explained in terms of movemenf time optimality. 



understand fine adjustment control os o process, where commond values ore given 
by the visual sente, which ore then executed in detoil by the proprioceptive serx 




The experimental results shew, thot just fine control it significontly influenced 
by proprioceptive feedback « 





It 

n 

■o c 
jc 8 

• ^ 

I s 

^ « 

s I 

^ t 

1 j 

^ 5 

I f 


• ^ 

.§ .? 






ie,0) 


M e c 

i!i 

||t 

I 1 c 

ft a 

]n 

i;j 

1^1 

{ • 3 

II** 



«o 



J € 


It 

1 1 

1 1 

n 

I 

I I 

i 1 

0 * 

1 5 

0 a 

li 

1 ^ 

■X s 

I r 

ie» 

II 

•' 53 


.s 
i 

i 

u 

1 

8 

• ^ 

i! 

S 
o 

JS 

8 


X 

X 

I 

■8 

8 

S 

“5 

X 

•£ 


IJ 


450 


V 


> 



; § 



f-' 

t 


451 





452 




' . • M. 

CO 



✓ 


453 











*. il 








454 





r 

r‘ 





t 

.t 




/■ 



ISXN JO J xfpu^dkfif moxt ••niwA •^fw|xoi'Hv « 


.... 

- - - - 


i 



ax 

OOBt 

OS 

>*Tt‘S09t 

4«tui4) JJO01IWX 






9ZX 

008T 

06 

4*01 » 9091 


4»T »O0 





ux 

008t 

OIX 

C* 60 *9091 

IT 4oft I 


91^ 

! 

U09X8 



9ZX 

OSCI . 

091 

I '40* 5091 


)i|6Tt uf 



PT«N 1 

• 

5 

• 

1 

SZX 

Q$tX 

UOC 

e*90»S09t 



k 



tzx 

0$£X 

S9C 

5*4055091 



1 

1 



9tX 

oilx 

OSC 

0 ‘0055091 

»T ■.! 


1 

1 

m«uz 



0»t 

09Zt 

SCP 

8*555909t 


••6nt6 uo ^(ns 





OPT 

$ZL 

on 

4'9S*909t 







6Ct 

0 

on 

4 *1559091 


«^||6TT (|9»OJlddv OAvq x 



9Xmm 1 

[«ux«:|X8 

6CT 

0 

on 

9 *4559091 

TT M^T* »M6T<» »tl MO 






sn 

SC4 

009 

9 *19 5 9091 


f»fin«5 »in uo An 8 

i 

S^UMnJTVUX 



4K 

SC4 

9C9 

S*09‘909T 



UOTTHUOJUt 

uoTJWJtOTtij 

S3H 

«TO/TJ 

9J 


}u»«»ioo 

3UM»IO0 

JO 


JO 

,pMd»TV 

vpoads 

ISH 

*8'«*;* 

•»TOT>d03 

•iv>nd 

«ojnos s.aoxTdo:) 

doxnos 

«.^otTd 

pnooTpui 

t«atJX»A 


««TX 


9461 3Nnr NO IMOdHIV 

xaaHKsoi .4V XNaatoov hoj sisaivhv 

NQIXVH804KI 


I 5TIHVX 




5 

I 

I 




•» 4 


/ 


455 



only seen to be <iangerous at a time when the phenowenon of apparent grxxjnd The question of what should he shown in a head-iq> di^l^r is hayond 

expansion ]iad reached gross proportions, this mediani:»i of visual information the scope of the present paper. It should be noted» hawewer» that 
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the approach. T2.e dilenwa iapiicit in this finding may perhaps be resolved by 
the present proposal to change quite radically the flight instrument systas. 
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The rotation caused by external torques foay be characterized as the tlon. Constant tension springs are also used to count# r^balsttea the 

Joint conpl lance. Several techniques have been used for Its measurement. planter gravitational torque. With the subject completely relaxed. 
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In Figure 1. drive voltage at a converaion rate of 250/sec and digitised data on 

The plate could be rotated by a D.C. torque motor (Inertial Motors four channela. The angle and the torque eignala Here aampled at a i 

Corp. No. 06-024) via a gearbelt and pulley system for torque amplified- of 250/aec and the filtered EMC at a rata of 500/sec. 
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Figure 10 

The Joint stiffness in Ne/rad as a function of the aean Joint angle 
with three different bias torques. The equations of the first order 
regression lines and the correla« ion coefficients are given in the text. 




